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Summary. 1. Simultaneous measurements of the receptor 
potential and the light-induced mitochondrial ctivation 
were performed in white-eyed blowflies Calliphora vicina, 
mutant chalky, and Lucilia cuprina, mutants w r and 
w'nss. The intensity dependence and the temporal dy- 
namics were investigated. 
2. The characteristic urve of the light-induced 
mitochondrial activation vs. log intensity has an S-like 
shape, which is much steeper than the characteristic 
curve of the receptor potential (the V/log I curve). The 
threshold intensity of mitochondrial activation elicits 
about a half-maximal receptor potential, while mito- 
chondrial activation and photoreceptor potential sat- 
urate at about the same intensity. 
3. The time course of the mitochondrial activation 
induced by a light flash, i.e. the pulse-response curve, is 
biphasic in both mutants with normal phototransduction 
properties, Calliphora chalky and Lucilia wF ; the shape 
is slightly species dependent. 
4. In the phototransduction mutant Lucilia w'nss the 
step-responses of both the (bright) light-induced mito- 
chondrial activation and receptor potential are quite 
different from the corresponding signals in Lucilia w F. 
The striking resemblance of the step-response of the 
mitochondrial activation to its pulse-response indicates 
that mitochondrial ctivation and receptor potential are 
intimately linked. 
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Introduction 
The retina of blowflies is a metabolically highly active 
tissue. The oxygen consumption by the retina, which is 
already high in the dark, is strongly enhanced by illu- 
* To whom offprint requests should be sent 
mination (e.g. Hamdorf et al. 1988). Most probably, the 
main reason is that light causes a decrease in the mem- 
brane resistance of the photoreceptor cells. The resulting 
current decreases ion gradients that have to be replenish- 
ed by the energy-consuming sodium-potassium pump. 
The enhanced emand in energy due to illumination is 
met by the enhanced activity of the mitochondria in the 
photoreceptors. Presumably, both the light-induced rise 
in ATP turnover and the intracellular calcium concentra- 
tion play a crucial role in the mitochondrial activation 
(Hamdorf et al. 1988; Tinbergen and Stavenga 1987). 
The metabolism of blowfly photoreceptor cells can be 
studied in vivo in white-eyed mutants via fluorescence 
measurements (Stavenga nd Tinbergen 1983). Changes 
in the blue-induced green fluorescence r flect changes in 
the redox state of the mitochondrial f avoproteins, thus 
indicating changes in the oxidative metabolism (Tinber- 
gen and Stavenga 1986). The action spectrum of a 
criterion change in the blue-induced green fluorescence 
closely resembles the absorption spectrum of the visual 
pigment as well as the spectral sensitivity measured elec- 
trophysiologically, indicating that the fluorescence 
change is linked to the visual transduction pathway (Tin- 
bergen and Stavenga 1987). 
In this paper we analyse the relation between photo- 
transduction and oxidative metabolism in more detail. 
We have determined the intensity dependence and the 
pulse-response of the light-induced mitochondrial ctiva- 
tion, by measuring simultaneously the receptor potential 
and the blue-induced green fluorescence. Furthermore, 
we have analysed the mitochondrial activation in a 
phototransduction mutant that features an anomalous, 
transient receptor potential upon illumination with 
bright light. 
Material and methods 
Animals. White-eyed blowflies Calliphora vicina (mutant chalky) 
and Lucilia cuprina (mutants w F and w'nss; kindly provided by 
Dr. G.G. Foster, CSIRO Canberra, Australia) were raised on liver and 
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F ig .  1A-C. Simultaneous recordings (single traces) of receptor 
potential and blue-induced green fluorescence in Calliphora chalky 
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(A), Lucilia w r (B) and Lucilia w'nss (C); the stimulus consisted of 
10 s blue light 477 nm, 1OglO(I/Im,~) = 0, after 120 s dark adaptation 
fed with water, sugar, carrot juice and liver. These mutants are used 
here, because it is possible to measure the blue-induced green fluore- 
scence in white-eyed flies only; their phototransduction properties 
appear equal to those of wild type flies. The Lucilia double mutant 
w'nss has in addition to the absence of screening pigment amutation 
in the visual transduction chain; as in the transient receptor poten- 
tial mutant of Drosophila melanogaster, t p, the receptor potential 
of Lucilia w'nss has no steady state (see Fig. lc; Howard 1984; 
Barash et al. 1988). This mutation is a recessive point mutation, 
located on the fourth chromosome (Howard 1984). 
Preparation. Flies were taken 10 to 20 days after emergence. They 
were immobilised with wax, leaving the spiraculae and the abdomen 
free, and fed with honey diluted in water. Before each experiment 
the visual pigment concentration was checked with red-induced 
far-red fluorescence (Stavenga 1983). 
Experimental setup. The fly was mounted on a Universal stage of 
a Leitz Orthoplan microspectrophotometer quipped with a Leitz 
NPL10 objective (aperture 0.20). A Peltier element maintained the 
temperature of the fly at approximately 16 ~ The stimulus light 
was delivered by a 75 W Xenon arc lamp, controlled by a fast 
shutter (Uniblitz, A.W. Vincent Associates, Inc, Rochester NY, 
USA). The stimulus intensity could be attenuated with neutral 
density filters (Schott DAL) and neutral density wedges (Smakman 
and Pijpker 1983). The setup is computer controlled via an intelli- 
gent laboratory interface (1401, Cambridge Electronic Design, 
Cambridge UK) using ASYST (Macmillan Software Company, 
New York USA). 
Electrophysioloyy. Before mounting the fly, a small hole of ap- 
proximately 50 facet lenses was cut in the cornea and covered with 
white soft paraffin. Through the hole a conventional glass micro- 
electrode (filled with 3 M KAc/0.05 M KCI; 100-150 Mr2) and a 
glass micro-electrode with broken tip as reference lectrode (filled 
with fly Ringer solution (in mM): 130NaCI, 2 KC1, 2CaCI 2, 
5 MgC12 and 10 Hepes pH 7.0) were introduced. Intracellular re- 
cordings were made from the photoreceptor cells R1-6 (Hardie 
1979). The membrane potential was recorded with a home built 
electrophysiology amplifier (Muijser 1979a). The signal was elec- 
tronically amplified and low-pass-filtered (Tektronix AM502; 
- 3 dB point at 300 Hz) and sampled at 1 kHz by the CED1401 
interface. Before each stimulus the visual pigment was reset o 100% 
xanthopsin with 5s red light (600nm; 2.4.1015 quan- 
ta 9 cm -2 - s-1, see e.g. Hamdorf 1979) and the fly was dark-adap- 
ted for 2 min. 
Fluorometry. For measuring the mitochondrial activation, epi- 
fluorescence was excited by a blue light beam (477 nm interference 
filter from Schott DAL; intensity 2.3 * 10 as quanta" cm -2 - s- l) .  
The emission was spectrally filtered in the green with a Balzers K55 
(peak 550 nm) and measured with a Hamamatsu R928 photomulti- 
plier. This signal was electronically low-pass-filtered (cutoff fre- 
quency 15 Hz) and sampled at 100 Hz by the CEDI401 interface. 
Resu l ts  
Light-induced mitochondrial activation 
I l l uminat ion  o f  the dark -adapted  eye o f  a b lowf ly lack ing 
screening p igments  wi th an intense blue l ight yields a 
receptor  potent ia l  and a green f luorescence (Fig. 1). The  
receptor  potent ia l  o f  an  ind iv idua l  photoreceptor  cell 
and the green f luorescence o f  several  hundreds  o f  
photoreceptor  cells were measured  s imul taneous ly .  The  
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receptor potential shows the characteristic depolariza- 
tion with a rapid initial peak followed by a plateau that 
is reached within 150 ms (e.g. Laughlin 1981 ; Barash et 
al. 1988). The fluorescence shows a biphasic response 
with a maximum after 1-2 s; the plateau is reached in 
about 5 s (see Stavenga nd Tinbergen 1983). 
The receptor potentials and mitochondrial responses 
of the mutants Calliphora chalky and Lucilia w e are very 
similar (Fig. 1A and 1B), although the transient change 
in fluorescence is usually more pronounced in Lucilia 
than in Calliphora. 
In the phototransduction mutant Lucilia w'nss, how- 
ever, the receptor potential decays rapidly (Fig. 1C), to 
reach the resting membrane potential within 1 s (Howard 
1984; Barash et al. 1988). The green fluorescence in 
Lucilia w'nss has a maximum after 1-2 s, like in the 
mutants with normal phototransduction properties, but 
the maximum is followed by a trough at 5-8 s and a 
subsequent increase. Clearly, in the phototransduction 
mutant w'nss both the receptor potential and the mito- 
chondrial activation deviate from the corresponding sig- 
nals in the mutants where phototransduction is ormal. 
Light intensity dependence of mitochondrial activation 
The simultaneous measurement of receptor potential and 
fluorescence allows a quantification of the intensity de- 
pendence of both phototransduction a d mitochondrial 
activation in one and the same preparation and in vivo. 
A disadvantage of the fluorescence method, however, is 
that intense blue light is necessary; low intensities do not 
excite a measurable fluorescence. As a consequence, the 
test illumination is a stimulus in itself. Nevertheless, we 
are able to determine the intensity dependence of the 
mitochondrial ctivation by using the approach of Fig. 
2, where the mitochondrial ctivation elicited by a flash 
of variable intensity is tested by a subsequent bright blue 
illumination (see also Tinbergen and Stavenga 1987). 
In Fig. 2A an initial 0.2 s stimulus (Fig. 2C) of white 
light causes a pronounced epolarization of the receptor 
potential. After a time delay of 0.5 s darkness, the fly is 
illuminated with bright blue light (Fig. 2C) that causes 
a second pronounced epolarization of the receptor 
potential (Fig. 2A). Furthermore, the blue illumination 
excites a green fluorescence (Fig. 2B). Without the 
preceding white light, the blue illumination induces a 
fluorescence with a much lower initial value (dashed line 
in Fig. 2B). The white flash clearly induces mitochondrial 
activation as expressed by the higher initial fluorescence, 
monitored by the subsequent blue illumination. The dif- 
ference in initial fluorescence therefore can be used as a 
measure for the mitochondrial ctivation. 
Figure 3 presents the receptor potential induced by 
0.2 s stimuli of white light of different intensities (left 
panels in Fig. 3AC) ,  together with the change in fluo- 
rescence induced by the subsequent blue light (con- 
tinuous curves in right panels in Fig. 3A-C). At the 
higher intensities the depolarization shows a peak-to- 
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Fig. 2A-C. Method used to obtain intensity dependence of mito- 
chondrial activation shown in Fig. 4; A: receptor potential; 
B: blue-induced green fluorescence; C: test sequence onsisting of 
120 s dark-adaptation, a 0.2 s white stimulus followed by a 0.5 s 
fixed time delay and a 10 s flavoprotein fluorescence test (477 nm). 
In B drawn line: fluorescence induced by 10 s test light after stim- 
ulus 1OglO(I/Imax)= -- 1.6; dotted line: fluorescence without preced- 
ing stimulus 
er intensities the subsequent fluorescence starts to deviate 
from that measured after the low intensity flashes in all 
three mutants, i.e. in both white-eyed blowfly mutants 
Calliphora chalky and Lucilia w v with normal photo- 
transduction properties as well as in the phototransduc- 
tion mutant Lucilia w'nss. The deviations are immediate- 
ly apparent by comparing the responses with the fluo- 
rescence induced in a dark-adapted eye (dashed curves in 
right panels in Fig. 3A-C). 
The experimental data of Fig. 3 have been used to 
construct the intensity/response functions of Fig. 4. The 
receptor peak potential (Vpeak) was determined by taking 
the average of a 5 ms interval symmetrically around the 
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Fig. 3A-C. Effect of 0.2 s stimulus of white light on receptor poten- 
tial and blue-induced green fluorescence using stimulus regime 
presented in Fig. 2; stimulus intensities used are indicated as 
log10(I/Imam); A : Calliphora chalky; B: Lucitia w F ; C: Lucitia w'nss ;
traces are average of 4 sweeps; A-C left panels: full receptor 
potential; A-C right panels: transient part of fluorescence (scale 
bar ~1 indicates difference in initial fluorescence of response 
to 1OglO(I/Ima~)=--6.1 and 0, respectively); in order to facilitate 
comparison between the fluorescence signals, the response to 
1og(I/Im~) = --6.1 is included as dashed trace 
maximum of the receptor potential depolarization, and 
the receptor plateau potential (Vpla, ea~) by taking the 
average of the last 25 ms of the plateau phase. Further- 
more, the mitochondrial ctivation was estimated by 
taking the difference between the averages of the initial 
100 ms and the last 0.5 s of the fluorescence signal, and 
presented in Fig. 4 after normalization. 
The intensity/response functions of the receptor 
potential in all three blowfly mutants have a similar 
shape and range. Also, the intensity/response functions 
of the mitochondrial ctivation resemble ach other, but 
the intensity range is much narrower than that of the 
receptor potential. The threshold intensity of the mito- 
chondrial activation induces approximately a half- 
maximal peak potential and the light-induced mitochon- 
drial activation saturates when the photoreceptor saturates. 
Comparing the two Lucilia mutants, w ~ and w'nss, 
shows that the intensity dependence of the mitochondrial 
activation isvery similar. The V/log/curve of the plateau 
potentials of Lucilia w'nss shows at higher stimulus inten- 
sities no pronounced ecay to the resting membrane 
potential, because the 0.2 s duration of the stimulus i  too 
short to cause the nss-effect, even at the highest intensity 
applied (cp. the 10 s stimulus duration in Fig. 1C). 
A marked difference xists between the peak potentials. 
In w'nss the maximum peak potential is45-50 mV, char- 
acteristically lower than the 60-65 mV in Lucilia w F 
(or Calliphora chalky). 
The pulse-response of mitochondrial ctivation 
The step-response of the mitochondrial ctivation i  the 
phototransduction mutant Lucilia w'nss differs distinctly 
from the one in Lucilia w p. Since Lucilia w'nss has only 
a transient receptor potential, we hypothesized that the 
anomalous tep-response of Lucilia w'nss might be re- 
lated to the short-living receptor potential. Therefore we 
analysed the time course of mitochondrial ctivation in 
Lucilia w F, i.e. the mutant with normal phototransduc- 
tion, after a short flash. 
A 0.2 s stimulus of white light was applied and the 
blue-induced green fluorescence was measured at dif- 
ferent times after the stimulus (see Fig. 5). Individual 
fluorescence traces, each resulting from a test illumina- 
tion after a specific time interval, are superimposed in 
Fig. 5A. The first 100 ms of the fluorescence were av- 
eraged and this was taken to represent the response 
value. We will call the dashed line, drawn through the 
averages, the pulse-response of the mitochondrial ctiva- 
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Fig. 4A-C. Intensity/response functions of Vpeak (-A-), Vplateau 
( - , - )  and mitochondrial activation (- 9 in Calliphora chalky (A), 
Lucilia w F (B) and w'nss (C); data points average of 4 sweeps, error 
bars represent standard deviation. The hyperbolic function 
(R. O" 
f(I) - - -  
(R- I)"+ 1 
was fitted to the data of Vpeak, Vplatea. nd mitochondrial activation 
(see Mati6 and Laughlin 1981; Laughlin 1981) with an iterative 
algorithm using the Gauss-Newton method available in ASYST 
tion. The pulse-responses for 5 different stimulus inten- 
sities, shown in Fig. 6, fol low a biphasic time course with 
a peak after 1-2 s and a trough at about 10 s. 
The pulse-responses of  Calliphora and Lueilia show 2 
small differences (Fig. 6A and 6B). Firstly, the trough at 
about 10 s is much more pronounced in Lucilia that in 
Calliphora. Secondly, in Calliphora virtually only the 
amplitude of  the pulse-response varies with intensity, 
while in Lucilia the pulse-response also becomes distinct- 
ly faster with increasing intensity. These differences re- 
flect small but clear differences between the species in the 
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Fig. 5A, B. Method used to obtain pulse-responses of Fig. 6. A: 
drawn lines: superimposed individual traces of the blue-induced 
green fluorescence (only transient part is shown); dashed line con- 
nects averages of initial 100 ms of fluorescence traces and represents 
pulse-response. B: graphical representation of stimulus regime 
used ; for each time delay a 0.2 s white stimulus was followed at the 
appropriate time by a blue test illumination; shown are t d = 1 s, 5 s, 
10s, 14s and 20s 
Discussion 
The intensity dependence of the mitochondrial ctivation 
To investigate the intensity dependence of  the light- 
induced mitochondrial activation, we have measured 
simultaneously the receptor potential and the blue- 
induced green fluorescence (e.g. Fig. 1). The receptor 
potentials were recorded intracellularly in individual 
R1-6 photoreceptor cells. The fluorescence signal, re- 
flecting mitochondrial activation, stems from several 
hundreds of  photoreceptor cells of  the same class (Tin- 
bergen and Stavenga 1987). We have concluded that the 
two signals reveal two aspects of  phototransduction in 
R1-6 photoreceptor cells. 
The intensity dependence of  the light-induced mito- 
chondrial activation (Fig. 4) was established by measur- 
ing the effect of  a 0.2 s light stimulus on the flavoprotein 
redox state 0.5 s later. We chose this time interval be- 
cause stimuli of  increasing intensity cause a monotonic  
increase of  the initial fluorescence during the first second 
of  il lumination (see Fig. 6). The present experiments 
show that the intensity dependence of  the mitochondrial 
activation is closely correlated to the intensity depen- 
dence of  the receptor potential. Clearly, mitochondrial 
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Fig. 6A-C. Pulse-response curves of mitochondrial 
activation in Calliphora chalky (A) Lucilia w r (B) 
and w'nss (C); time between 0.2 s stimulus and test 
illumination varied from 0 to 120 s (left panels how 
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and --4.2; data points average of at least 4 sweeps, 
error bars represent s andard eviation 
Time (S) 
activity, i.e. ATP production, constitutes an important 
part of the phototransduction process (Hamdorf et al. 
1988). The link between mitochondrial activation and 
phototransduction is not yet clarified, however. 
Tinbergen and Stavenga (1987) have discussed that a 
light-induced increase of the intracellular calcium con- 
centration [Ca 2 +]i is a likely cause for the mitochondrial 
activation. Our results corroborate this suggestion. The 
dynamic range of the mitochondrial ctivation coincides 
with two processes that are known to be dependent on 
the [Ca 2 +]i, namely the peak-to-plateau transition of the 
receptor potential and the pupil response. The intensity 
threshold of the mitochondrial ctivation is at about the 
intensity where the receptor potential starts to show a 
peak-to-plateau transition. This transition is a [Ca2+]i 
dependent process (e.g. Muijser 1979b). 
Wild type Calliphora and Lucilia possess a so-called 
longitudinal pupil. Their photoreceptors contain pig- 
ment granula that are moving towards the rhabdomere 
when the flies are illuminated with high intensities, there- 
by reducing the light flux. The intensity dependence of 
the pupil response in the distal part of the photoreceptor 
of Calliphora vicina was established by Roebroek and 
Stavenga (1990) in relation to the V/log I curve of the 
receptor potential (see also Howard et al. 1987). Inter- 
estingly, the threshold for the pupil response is at about 
the intensity where the peak potential is half-maximal, 
alike that for the mitochondrial activation. The pupil 
response is under direct control of visual pigment activa- 
tion (Bernard and Stavenga 1979), via [Ca2+]i (Kirsch- 
feld and Vogt 1980; Howard 1984). 
To summarize, the correspondence in the intensity 
dependences suggests that the mitochondrial activation 
is mediated by an increase of [Ca2+]i . Bygrave et al. 
(1975) have shown that mitochondrial respiration in the 
flight muscle of the blowfly Lucilia cuprina can be stim- 
ulated by an increase of [Ca2+]i . In tissues of all verte- 
brate sources studied so far, a role for [Ca2+]i in the 
regulation of mitochondrial ctivity has been shown (e.g. 
from rats: heart, skeletal muscle, kidney, liver, brain, 
white and brown adipose tissue and mammary tissue; 
from trout, pigeons, frogs and humans: heart tissue; 
M.H. Mojet et al. : Mitochondrial ctivation i  blowfly photoreceptors 311 
McCormack et al. 1990). In these tissues calcium stimu- 
lates the activity of 3 mitochondrial dehydrogenases 
(McCormack et al. 1990). Also the activity of the 
H +-ATP synthase complex depends on [Ca 2 +]i (Yamada 
et al. 1980). 
In blowflies possibly the dominant cause for a light- 
induced increase in [Ca2+]~ is the influx of extracellular 
calcium (Sandier and Kirschfeld 1986). Removing the 
extracellular calcium thus would prevent his calcium 
influx. We have preliminary evidence showing that low- 
ering the extracellular calcium concentration to ap- 
proximately 1nM indeed eliminates mitochondrial ac- 
tivation. 
Mitochondrial activation in the phototransduction 
mutant Lucilia w'nss 
The intensity dependence of the light-induced mitochon- 
drial activation in the Lucilia mutants w r and w'nss is 
similar (Fig. 4B and 4C). Also, the pulse-response of the 
mitochondrial ctivation in Lucilia w F and Lucilia w'nss 
are virtually identical (Fig. 6B and C). However, the 
step-responses deviate after approximately 3 s (compare 
Fig. 1B to 1C); the step-response of the mitochondrial 
activation in Lucilia w'nss resembles its pulse-response. 
We recall that the receptor potential of the photo- 
transduction mutant Lucilia w'nss has no steady state 
(Fig. 1C; Howard 1984; Barash et al. 1988). At high 
intensities, the plateau phase of the receptor potential 
decays within one second to the resting membrane poten- 
tial and the photoreceptor becomes insensitive to light. 
Furthermore, the amplitude of the receptor potential in 
Lucilia w'nss is distinctly smaller than that in Lucilia w r 
(Fig. 4B, C). The dynamics of the receptor potential in 
Lucilia w'nss are also different. We found that the recep- 
tor potential consistently has a longer response latency 
at all light intensities, while the decay to baseline occurs 
at bright illuminations only (data not shown; but see 
Barash et al. 1988). 
These phenomena re not a severe form of light ad- 
aptation, but stem from a reduced excitation efficiency 
(Barash et al. 1988). As a result, the phototransduction 
process is only transiently activated. Presumably, the 
pulse-response-like behaviour of the mitochondrial 
fluorescence in Lucilia w'nss during prolonged blue il- 
lumination reflects a transient mitochondrial activation 
that is related to the shut-down of the phototransduction 
mechanism. 
Both a decay to baseline and a reduced amplitude and 
increased response latency can be induced by applying 
lanthanum ions extracellularly to photoreceptors of 
Calliphora chalky, as discovered by Hochstrate (1989). 
Although lanthanum is known to affect he intracellular 
calcium concentration, Hochstrate (1989) concluded that 
the La 3 + effects are not primarily caused by changes in 
the calcium metabolism. However, calcium acts in 
photoreceptor cells at several stages, at least in both 
excitation and adaptation (Fein and Payne 1989). We 
therefore suspect hat, due to the nss defect, a modified 
calcium metabolism does play a crucial role in the photo- 
transduction mutant. We conclude that phototransduc- 
tion and mitochondrial ctivation are intimately linked. 
Measuring mitochondrial ctivation via fluorescence of- 
fers an attractive, alternative means for studying the 
phototransduction process in fly photoreceptors. 
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